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We present a new broadband technique for the measurement of diffuse light transport through
opaque scattering media. Using the spectral correlations introduced by a scattering medium onto
a white-light supercontinuum spectrum, the diffusion constant of light is determined over a wide
spectral range in the visible and near infrared. Independent broadband measurements of both the
transport mean free path and the diffusion constant are used to calculate the spectral dependence
of the energy velocity in a porous GaP slab. Broadband correlation spectroscopy is found to be an
excellent tool for the characterization of random scattering media.
Quantitative information on light transport in disor-
dered media is of importance in many medical, chemical,
and physical applications [1, 2]. Scattering plays a cru-
cial role in the performance of novel nanophotonic struc-
tures such as photonic crystals, waveguides, and meta-
materials [3–5]. Access to the spectral variation of light
scattering properties is indispensable when studying dif-
ferent scattering regimes, effects of resonances or band
structure [6], or eventually the transition to Anderson
localization [7]. Until recently, many light transport ex-
periments were limited by the use of single-wavelength
or narrowband tunable lasers, hampering the interpreta-
tion of results. Recent developments in spatially coher-
ent, broadband light sources allow for new experiments
yielding unprecedented access to interference phenomena
in random media [8].
Static light transport is characterized by a mean free
path `, which can be obtained from total transmis-
sion and enhanced backscattering experiments. Dynamic
measurements, like time-resolved transmission of short
optical pulses, give access to the diffusion constant D and
to the transport velocity vE [6, 9, 10]. Access to the dy-
namic transport parameters can also be gained through
frequency correlations of light transmitted through the
material, as first demonstrated by Genack et al [11, 12].
Further experiments have revealed both short-range and
long-range correlations [13, 14], in close agreement with
theory [15].
Here, we introduce a novel broadband method for mea-
surement of dynamic transport parameters over a wide
spectral range in the visible and infrared combining a
supercontinuum white-light source and a Fourier trans-
form (FTIR) spectrometer. A schematic overview of the
experimental setup is shown in Fig. 1. The supercon-
tinuum light source (Fianium SC-450) produces a 2-mm
wide, collimated beam of 2 W optical power in a spec-
trum spanning the visible and infrared from 450 nm up to
1800 nm wavelength. The transmission of light through
a slab of thickness L reduces the intensity roughly by
a factor `/L times the fraction of solid angle used for
detection, resulting in efficiencies as low as 10−6 for sin-
gle speckle measurements on optically thick samples. In
order to maximize the available optical power in a sin-
gle speckle spot behind the scattering medium, the beam
was focused to a spot of approximately 5 µm in diameter
onto the sample using a lens with a 3 cm focal length.
An angular cone of 2.5◦ of the light diffusively trans-
mitted through the sample was collimated and coupled
into a FTIR spectrometer (Varian FS7000e). The trans-
mitted optical power, in the µW range, was detected by
a silicon detector (Thorlabs PDA55) with preamplifier.
Polarization filters before and after the sample were used
to select linear polarization channels. Spectra were col-
lected with 0.5 cm−1 resolution and an integration time
of 120 s per spectrum (i.e. 25 scans of the FTIR spec-
trometer), while the sample position was kept fixed. An
average over the disorder was obtained by selecting differ-
ent sample positions by rotating its azimuthal axis using
a stepper motor. Each spectrum was normalized to a
spectrum averaged over 30 different sample positions to
divide out the instrumental response. An additional cor-
rection for small variations in sample transmission was
made by normalizing the total integrated intensity over
the spectral bandwidth to that of the averaged spectrum.
We have used the white-light frequency correlation
technique to investigate some of the most strongly scat-
tering materials to date. The material under study here
is photoanodically etched porous GaP [16]. The mate-
rial consists of a high density of pores in a crystalline
GaP wafer with a volume fraction of about 50%. A typ-
ical normalized spectrum of light transmitted through
a 10.2 µm thick slab of porous GaP is shown in Fig. 2.
The strong variations of the intensity with frequency cor-
respond to speckle resulting from interference of many
FIG. 1: Experimental setup.
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FIG. 2: Transmission spectrum through a 10.2 µm thick
porous GaP slab, normalized to the spectrum averaged over
30 different sample positions. Inset: detail of the spectrum
showing individual speckle.
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FIG. 3: Spectral correlation function C1(∆ν) obtained from
experimental speckle spectra over a bandwidth of 1000 cm−1
around center frequencies of 11000 cm−1 (circles), 13000 cm−1
(diamonds), and 16000 cm−1 (triangles). Lines denote fits
using Eq. 2.
multiple scattering paths through the medium [17]. The
typical spectral range of the variations amounts to tens of
cm−1, which is easily resolved by the FTIR spectrometer
(cf. inset of Fig. 2). However, spectral overlap of speckle
originating from different coherence areas reduces the in-
tensity contrast. The second moment of the intensity
distribution over the spectrum in Fig. 2 was calculated
to be 1.17, i.e., below the value of two expected for in-
tensity fluctuations in the diffuse scattering regime. It
was verified that the influence of speckle overlap on the
frequency range of correlations is small as long as the
remaining fluctuations exceed those of the higher order
long-range C(2) correlation [14].
We calculated the spectral correlation function
C(1)(∆ν) in a spectral bandwidth from νmin to νmax, for
single incoming and outgoing directions a and b, using
the definition
C(1)(∆ν) ≡
∫ νmax
νmin
dν
〈δIab(ν)δIab(ν +∆ν)〉
〈σab(ν)〉 〈σab(ν +∆ν)〉 , (1)
where δIab(ν) = Iab(ν) − 〈Iab(ν)〉 denotes the intensity
fluctuation and σ2ab(ν) =
〈
Iab(ν)2
〉−〈Iab(ν)〉2 is the vari-
ance of the intensity distribution, brackets denoting av-
eraging over different realizations. For the case of trans-
mission through a slab, factorization of the correlation
function results in an analytical expression given by[12–
15]
C(1)(∆ν) =
L2
`2
cosh `η − cos `η
coshLη − cosLη , (2)
with η =
√
4pi∆ν/D, where D denotes the diffusion con-
stant of light in the medium. The effect of internal re-
flection can be introduced by setting L = Lslab+ z1+ z2,
where Lslab denotes the slab thickness and z1 and z2 are
the extrapolation lengths at its two interfaces.
We have evaluated the spectral correlation function
for the GaP slab by integrating over spectral windows
of 1000 cm−1 in width. It was found that the first two
points in the correlation function accumulated all the un-
correlated noise of the setup, these points were therefore
discarded. Subsequently all correlation functions were
normalized to the third data point, i.e. ∆ν = 1 cm−1.
Resulting correlation functions are shown in Fig. 3 for
three frequency ranges in the spectrum. A strong varia-
tion of the width of the correlation function is observed,
which indicates a change of the diffusion constant of light
in the random medium. Fits using Eq. 2 are shown by
the red lines in Fig. 3. These fits yield the average diffu-
sion constants in the selected spectral regions as shown
in Fig. 4(b). In the fitting procedure, we used parame-
ters of the slab Lslab = 10.2± 0.2 µm and (z1 + z2)/` =
4.3 ± 0.5.[16] Values of the mean free path were taken
from broadband enhanced backscattering spectroscopy
described in Ref. 8, as shown in Fig. 4(a). Both ` and
D are strongly reduced toward higher frequencies, indi-
cating an increase in scattering strength of the material.
To assess the effect of the uncertainty in extrapolation
length, we have fitted both ` and D over the confidence
interval of z1 + z2. As indicated by the shaded areas in
Fig. 4(a,b), the diffusion constant D depends much less
on the boundary conditions than `, demonstrating that,
for thick enough slabs, D can be obtained from speckle
correlations independently from `, even though the latter
enters the fitting procedure through Eq. 2.
Using the values of D and ` obtained from broadband
experiments, we estimate the energy transport velocity
vE using the relation D = vE`/3. Resulting values of
vE are shown in Fig. 4(c). We obtain a value of vE/c0 of
0.73±0.15 at 10000 cm−1, which decreases slowly toward
higher energies to a value of 0.51 ± 0.11 at 16000 cm−1.
Above 16000 cm−1 the combination of low transmission
and detector sensitivity currently prevents spectral cor-
relation measurements. Our low-frequency value of vE is
3FIG. 4: Experimental values over a wide spectral range of
(a) the transport mean free path ` (cf. Ref. 8) and (b) diffu-
sion constant D obtained from the C(1) frequency correlation
function for a 10.2 µm porous GaP slab. (c) Calculated en-
ergy velocity vE using D = vE`/3. Error bars denote fitting
error at a fixed extrapolation length z1 + z2 = 4.3, while the
shaded areas represents confidence interval (including fitting
error) for z1 + z2 = 3.8 (solid lines) and 4.8 (dashed lines).
in good agreement with the value of vE/c0 = 0.79± 0.15
obtained by Johnson et al. on the same series of sam-
ples [10]. Peeters et al. reported a vE/c0 = 1.0 ± 0.2,
which appears rather high given that vE cannot exceed
the speed of light [9]. The transport velocity in the low-
frequency range of Fig. 4(c) lies close to the phase veloc-
ity vph/c0 = (0.69 ± 0.07) estimated using the effective
refractive index of porous GaP [18]. The quantitative
agreement between vE and vph indicates that internal
resonances do not play a role in the macroporous GaP
network, in contrast to for example TiO2 materials in
which a strong reduction vE has been reported [13]. The
decrease of vE toward higher frequencies in the GaP indi-
cates a small but significant effect of internal resonances
for larger size parameters.
In conclusion, we have demonstrated a new broadband
technique for accurate measurement of the diffusion con-
stant of light in opaque random scattering materials. We
have studied a strongly scattering porous GaP slab and
have extended previous results from time-resolved mea-
surements. The broadband correlation method results
in values for the diffusion constant that are as accurate
as obtained in time-resolved interferometry experiments.
White-light spectroscopy of random media holds promise
as a versatile tool for detailed investigations of spatial in-
terference phenomena and mesoscopic transport, where
the optical frequency represents an important tuning pa-
rameter.
The authors thank T. van der Beek and I. Mijnders for
their technical support and P. M. Johnson and S. Faez for
stimulating discussions. This work is part of the research
program of the ”Stichting voor Fundamenteel Onderzoek
der Materie (FOM)”, which is financially supported by
the ”Nederlandse Organisatie voor Wetenschappelijk On-
derzoek (NWO)”.
[1] A.F. Fercher, W. Drexter, C.K. Hitzenberger and T.
Lasser, Rep. Prog. Phys. 66, 239 (2003).
[2] F. Scheffold and R. Cerbino, Curr. Opin. Colloid Inter-
face Sci. 12, 50 (2007).
[3] C. Toninelli, E. Vekris, G. A. Ozin, S. John, and D. S.
Wiersma, Phys. Rev. Lett. 101, 123901 (2008).
[4] J. Topolancik, B. Ilic, and F. Vollmer, Phys. Rev. Lett.
99, 253901 (2007).
[5] J. Valentine, S. Zhang, T. Zentgraf, E. Ulin-Avila, D. A.
Genov, G. Bartal, and X. Zhang, Nature 455, 376 (2008).
[6] R. Sapienza, P. D. Garc´ıa, J. Bertolotti, M. D. Mart´ın,
A. Blanco, L. Vin˜a, C. Lo´pez, and D. S. Wiersma, Phys.
Rev. Lett. 99, 233902 (2007).
[7] A. A. Chabanov, M. Stoytchev, and A. Z. Genack, Nature
404, 850 (2000).
[8] O. L. Muskens and A. Lagendijk, Opt. Express 16, 1222
(2008).
[9] W.H. Peeters, I.M. Vellekoop, A.P. Mosk, and A. La-
gendijk, Phys. Rev. A 77, 035803 (2008).
[10] P. M. Johnson, A. Imhof, B. P. J. Bret, J. Go´mez Rivas,
and A. Lagendijk, Phys. Rev. E 68, 016604 (2003).
[11] A. Z. Genack, Phys. Rev. Lett. 58, 2043 (1987).
[12] A. Z. Genack and J. M. Drake, Europhys. Lett. 11, 331
(1990).
[13] M. P. van Albada, J. F. de Boer, and A. Lagendijk, Phys.
Rev. Lett. 64, 2787 (1990).
[14] J. F. de Boer, M. P. van Albada, and A. Lagendijk, Phys.
Rev. B 45, 658 (1992).
[15] R. Berkovits and S. Feng, Phys. Reports 238, 135-171
(1994), and references therein.
[16] F.J.P. Schuurmans, D. Vanmaekelbergh, J. van de Lage-
maat, and A. Lagendijk, Science 284, 141 (1999).
[17] J. W. Goodman, in Laser Speckle and Related Phenom-
ena, edited by J. C. Dainty (Springer-Verlag, Berlin,
1975), pp. 9-75.
[18] J. Gomez Rivas, D.H. Dau, A. Imhof, R. Sprik, B.P.J.
Bret, P.M. Johnson, T.W. Hijmans, and A. Lagendijk,
Optics Commun. 220, 17 (2003).
